Abstract. Aspergillus giganteus mut. alba grown in darkness produced no carotenoids, but illuminated shake cultures accumulated 170 pg. g-1 dry weight of fl-carotene. Maximum carotenoid production occurred in white light of energy fluence rate of 50 W. m-z. Blue light, but not red light, induced fl-carotene formation. A light induction period of 10 h was required for maximum fl-carotene synthesis, and this was attained 48 h after illumination. 5-Fluorouracil, actinomycin D and cycloheximide prevented photoinduction of carotenogenesis, indicating that photoregulation is at the transcriptional level. Comparisons of carotenogenic enzyme activities of light-and dark-grown cultures showed that phytoene synthetase, phytoene dehydrogenase and lycopene cyclase were totally photoinduced. Photoinduction of all three carotenogenic enzymes occurred after 12 h illumination. Squalene formation increased some four-fold upon illumination.
Introduction
The photoregulation of carotenoid biosynthesis has been demonstrated in higher plants, algae, fungi and non-photosynthetic bacteria (reviewed by Harding and Shropshire 1980; Rau 1983 Rau , 1985 Bramley and Mackenzie 1988) . In the case of fungi, this phenomenon is usually mediated by blue light and causes either an increase in carotenogenesis in species which form appreciable quantities of ca-
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Abbreviations: fl-Carotene =fl,fl-carotene; lycopene = g,,~u-carotene; phytoene = 7,8,11,12,7",8",11',12 "-octahydro-~/-~u-carotene; MVA = mevalonic acid; PPPP = prephytoene pyrophosphate rotenoids in the dark, e.g. Phycomyces blakesleeanus (Garton et al. 1951 ; Sandmann and Hilgenberg 1978) or else photoinduction in organisms which produce nil or negligible amounts of carotenoids in darkness, e.g. Neurospora crassa (Zalokar 1954; Rau and Rau-Hund 1977; Schrott 1980) , Vertieillium agarieinum (Valadon and Mummery 1971) and Fusarium aquaeductum (Bindl et al. 1970) . The Ascomycete Aspergillus giganteus belongs to the latter category, since it forms fl-carotene only in the light (Zurzycka 1963a, b; Trinci and Banbury 1969) . However, no detailed investigations have been reported concerning the mechanism of photoregulation in Aspergillus, although some studies have been carried out with respect to the photoprotective effect of carotenoids in this organism (e.g. Lazarski 1971 Lazarski , 1972 .
In the present study we have established the basic properties of photoregulation of carotenoid formation in Aspergillus in terms of spectral type and intensity of light; the kinetics of photoinduction and the metabolic level at which photoregulation occurs. In addition, in vitro assays of the carotenogenic enzymes have elucidated which of them are strictly photoregulated and have established the kinetics of their photoinduction.
Materials and methods
Organisms. Aspergillus giganteus mut. alba was obtained from the Centraalbureau voor Schimmel-cultures, Baarn, The Netherlands. The C5 earBlO (-) , and C9ear R21(-) strains of Phyeomyees blakesleeanus were kindly provided by Professor E. Cerdh-Olmedo, Departamento de Gen&ica, Universidad de Sevilla, Spain.
Radiochemical. (3R)-[2-x4C]mevalonic acid (MVA) lactone (1.99 GBq.mmol 1) was purchased from Amersham International plc, Amersham, Bucks., UK. It was converted to the sodium salt prior to use.
Chemicals. Authentic standards of squalene, geraniol and farnesol were purchased from the Sigma Chemical Company, Poole, Dorset, UK. Geranylgeraniol was a generous gift from Professor G. Pattenden, Department of Chemistry, University of Nottingham, UK. Carotenoid standards were isolated and purified by routine laboratory procedures (Than et al. 1972; Bramley 1973) .
Culture conditions. Aspergillus giganteus was maintained on
Wickerhams MYPG medium (Wickerham 1954) containing 2% agar and grown as liquid shake cultures in the same medium without agar at 24 ~ C, as described previously (El-Jack et al. 1987) . Cultures grown in darkness were completely wrapped in two layers of black polythene. In certain experiments (see  Table 3 ) Aspergillus was grown for 4 d in darkness, harvested by filtration through muslin, washed twice with sterile 0.05 M potassium-phosphate buffer, pH 7.0 and resuspended in the same buffer (300 ml) containing 2% glucose and 2% ammonium sulphate. These procedures were carried out in darkness. Finally, the suspension was placed in the light at 24~ on an orbital shaker for periods of time described in the Results section. When necessary (Table 2 ) resuspended cultures were maintained under anaerobic conditions by continuous flushing with nitrogen.
The three strains of Phycomyces were cultured as described in an earlier publication (Than et al. 1972) .
Light sources and illumination procedures. White light was provided by fluorescent lamps (type F30T12/WW/RS, GTE; Sylvanian, Shipley, West Yorkshire, UK) with energy fluence rates of 12-64 W'm -z, as measured at the surface of the cultures. Blue (1.6 W.m 2; transmittance range 400 520 nm, filter 662; Ilford, Mobberley, Cheshire, UK) and red (11.5 W-m-e; AL interference filter, max 650 rim; Schott AG, Mainz, FRG) illumination was achieved by placing filters in front of the white lamps.
Extraction and quantification of carotenoids. Lipids were extracted from mycelia of Aspergillus by standard procedures described in a previous publication (Than et al. 1972) . Carotenoids were purified by column chromatography on alumina (Woelm neutral supplied by Shandon Southern Products, Runcorn, Cheshire UK and prepared to Brockmann activity grade III) according to established techniques (Than etal. 1972; Bramley and Davies 1975) . t-Carotene was dissolved in petrol (b.p. 40-60 ~ C) and identified by its spectral characteristics (Davies 1976) .
Preparation of cell extracts. Cell-free preparations from darkand light-grown cultures of A. giganteus mut. alba were obtained from lyophilised mycelia, as described in detail in a recent publication (El-Jack et al. 1987) . Cell-free systems of C5 and C9 strains of Phyeomyees were prepared according to the method of Bramley and Davies (1975 (El-Jack et al. 1987) . With the exception of MVA, : 4C-labelled substrates were prepared in situ using cell extracts of C5 (for phytoene=7,8,11,12,7',8',ll',12'-octohydro-qz,gr-carotene) , C9 (for lycopene=~u,~u-carotene) and dark-grown Aspergillus (for prephytoene pyrophosphate, PPPP). In these cases, the appropriate cell extract was incubated with (3R)-[2-14C]MVA (9.25kBq) or the 3RS-racemate (18.5 Bq) and cofactors for 2 h at 25 ~ C, as described elsewhere (Sandmann and Bramley 1985; EI-Jack et al. 1987 ) and then unlabelled MVA (470 nmol) added to each incubation mixture prior to the addition of the Aspergillus cell-free system. The coupled assays were incubated for a further 2 h. Reactions were stopped by the addition of methanol (1 ml (Sandmann and Bramley 1985; El-Jack et al. 1987 ) and radioassayed by liquid scintillation counting (Bramley et al. 1974) .
Identification of {14C]prenyl pyrophosphates. These compounds, produced in vitro by dark-grown Aspergillus (Table 5, Fig. 6), were extracted from incubations with n-butanol ( • 3). After drying for 1 h over anhydrous sodium sulphate, the extracts were chromatographed on Silica gel G, and developed with ethyl acetate/concentrated ammonia/isopropanol (3 : 3 : 4, by vol.; Qureshi et al. 1972) . Individual bands were detected using a spark chamber (Birchover Instruments, Letchworth, Herts, UK), eluted from the gel and radioassayed. Alternatively, the pyrophosphates were hydrolysed to the parent alcohols with concentrated HCL (200 ~tl per 1.5 ml). After incubation for 30 rain at 37 ~ C, the hydrolysis was stopped by the addition of 0.25 M ethylenediaminetetraacetic acid (EDTA) (equal volume to concentrated HC1), and adjustmed to pH 8.0 with concentrated ammonia. The aqueous mixture was partitioned against diethyl ether ( x 3), the combined ethereal extracts dried over anhydrous sodium sulphate and the sample applied to a silica gel plate which had been impregnated with 5% paraffin in petrol (b.p. 60-80 ~ C). Development of the thin-layer chromatogram in methanol/water (80 : 20, v/v), saturated with paraffin, separated geraniol (R I 0.6), farnesol (R e 0.5), geranylgeraniol (R I 0.36) and prephytoene alcohol (Re 0.17). The bands were located with the spark chamber, eluted and radioassayed.
Results

Growth and carotenoid content of light-and darkgrown A. giganteus.
The growth patterns and cell yields of Aspergillus were virtually the same in light-and dark-grown cultures (Fig. 1) . In darkness, however, no carotenoids were detected, whereas in the light, the t-carotene content increased throughout growth, to reach 167 ~tg-g-~ dry weight at 5 d. No other carotenoids were found at any age of culture.
The effect of light on t-carotene biosynthesis.
Growth of Aspergillus under continuous white light of different fluence rates demonstrated that t-carotene formation increased from 7 to 160 ~tg. g-: mycelia dry weight between 10 and 50 W" m-2 (Fig. 2) . In order to ascertain which spectral type of light was required for carotenogenesis, cultures were continuously illuminated with white, blue and red light for 7 d (Table 1) . Both white and blue light caused t-carotene biosynthesis, in contrast to the culture grown in red light, which contained no carotenes. of light exposure required maximum B-carotene production, and the rate of carotenogenesis subsequent to light exposure, were carried out using a starvation medium with mycelia which had been grown for 4 d in darkness in Wickerham's medium (see Materials and methods). In white light of fluence rate 50 W.m -2, the B-carotene content reached 100% of that found in cells under continuous light after 10 h of illumination. Longer periods of light had no increased effect on carotenogenesis (Fig. 3 ). This saturation effect at approx. 10 h was confirmed in a separate experiment which showed that the rate of B-carotene formation was both maximal (3.9 lag'g-1 dry weight-h-1) and approxirately constant between 24 and 48 h, after prior Four-day-old dark-grown cultures of Aspergillus were illuminated with white light (50 W-m -z) for periods of 0-30 h on a starvation medium and then returned to darkness for 4 d prior to carotenoid analyses exposure to 12 h of white light (Fig. 4) . The photoregulation of B-carotene biosynthesis was dependent upon oxygen, but temperature-independent (Table 2) . Thus only mycelia in the light and under aerobic conditions synthesised B-carotene.
The properties of photoregulation of carotenogenesis. Experiments designed to establish the duration
The photoinductive nature of carotenoid formation was demonstrated with two inhibitors of transcription (5-fluorouracil and actinomycin D) and one of translation (cycloheximide). All three compounds prevented photoinduction of carotenogenesis (Table 3) .
Carotenogenic activities of light-and dark-grown myeelia. In order to determine the activities of phy- nyl pyrophosphates, but no formation of carotenoids (Table 5) .
Photoinduction of carotenogenic enzymes. The kinetics of photoinduction of phytoene synthetase, phytoene dehydrogenase and lycopene cyclase were estimated using 14C-labelled PPPP, phytoene and lycopene, respectively. In all cases, the substrates were prepared via coupled assays with darkgrown Aspergillus (for PPPP) and the C5 (phytoene) and C9 (lycopene) strains of Phycomyees. (Fig. 5B) . However, after exposure to light for 12 h, photoinduction occurred, reaching a maximum at approx. 36 h (Fig. 5A) . The incorporations of 14C-labelled PPPP (Fig. 6A) , phytoene ( Fig. 7A) and lycopene (Fig. 8 A) showed similar patterns of photoinduction. Under the same conditions of illumination, squalene formation from [2-14C]MVA increased fourfold (Fig. 5A) . 
Discussion
The total dependence of Aspergillus on light for carotene biosynthesis (Fig. 1) confirms earlier reports using static cultures (Zurzycka 1963a, b; Trinci and Banbury 1969) and established this fungus as one of a small group known to exhibit strict photoregulations (see Rau 1985) . No other carotenes were detected during the photoinduction experiments (Figs. 3, 4) , whereas the intermediates between phytoene and/l-carotene appear sequentially during photoinduction in Fusarium, Neurospora and Verticillium (see Rau 1985) . This indicates that in Aspergillus the kinetics of the overall pathway are strongly in favour of the formation of the end product,/1-carotene. Clearly, the absence of carotenoids in dark-grown cultures has no effect on cell yield (Fig. 1) , and they may be necessary in illuminated cells only to minimise photosensitization (Lazarski 1971) . Some general properties of the light-induction phenomenon in Aspergillus are similar to those of other fungal species. A blue-light response (Ta- ble 1) is common to several fungi (see Rau 1985) , although red light is also effective in Verticillium (Osman and Valadon 1978); but not in Aspergillus or Fusarium (Rau 1980; Schrott et al. 1982) . In addition, the dependence upon oxygen, but not temperature, for the initial photochemical event has been demonstrated with several fungi (e.g. . A biphasic response to saturation by light was not found with Aspergillus (Fig. 2) , but has been reported for Fusarium (Theimer and Rau 1972) and Neurospora (Schrott 1980) . Other aspects of pigment formation and dosage of light required for carotenogenesis are also different in Aspergillus compared with other fungi. Exposure to white light (50 W'm -2) for approx. 2 h is required in order to initiate carotenoid formation (Fig. 3) ; this is a considerably longer period than that required by either Fusariurn or Neurospora (Schrott 1980) . However, the formation of/?-carotene is proportional to the duration of light exposure between 2 and 8 h (Fig. 3) , and the final amount of carotene produced is the same as that in continuously illuminated cultures. In other fungi, the levels of carotenoids synthesised in such experiments are significantly lower than those in continuously illuminated cultures (Valadon and Mummery 1971; Rau and Rau-Hund 1977; Schrott 1980) . The rate of synthesis after illumination is also affected by the duration of light exposure (Fig. 4) , with a 12-h light period, followed by 48 h in darkness, producing the same/?-carotene content as control, light- (Rau 1967) , Neurospora (Rau et al. 1968) and Rhodotorula where lag periods are preceded by relatively short periods of carotenoid synthesis which do not lead to carotenoid levels comparable with those of control cultures.
In the case of Verticillium, carotenogenesis only occurs during illumination (Osman and Valadon 1978) . Therefore/?-carotene biosynthesis in Aspergillus shows the classical features of an induction mechanism, but differs in detail from that in other fungi which have been studied, since the cells accumulate the same quantity of/?-carotene under continuous illumination (Fig. 1) as they do after a light pulse of 10 h (Fig. 3) .
The effects of the inhibitors used to prevent photoinduction (Table 3) indicate that regulation occurs at the transcriptional level, as has been found for Fusarium (Rau 1980) . In contrast, inhibitors of transcription are only partly effective in Verticillium (Valadon and Mummery 1979) . Evidence to support the synthesis of polyadenylated RNA following illumination has been found with Neurospora (Schrott and Rau J977) , and specific proteins from the in vitro translation of light-specific mRNAs have been identified, although their biological functions are, as yet, unknown (MitzkaSchnabel et al. 1984) . Also, cyclic-AMP levels are thought to regulate carotene-gene expression in Neurospora (Kritsky et al. 1982) .
The in vitro enzyme activities from light-and dark-grown mycelia (Table 5 ) demonstrate conclusively that neither phytoene dehydrogenase (phytoene ~lycopene) nor lycopene cyclase (lycopene /?-carotene) is present in dark-grown cells. In addition, the accumulation of PPPP, but not phytoene, in dark-grown cell extracts incubated with MVA (Table 6) shows that phytoene synthetase is also absent under these conditions. Previous studies with other organisms have not used such a comprehensive range of carotene substrates for enzyme assays, but some comparisons can be made between organisms which display photoregulation. A light-dependent stimulation of the formation of phytoene from isopentenyl pyrosphosphate (Surgeon et al. 1979 ) and MVA (Mitzka-Schnabel et al. 1984 ) has been shown with Neurospora crassa, and geranylgeranyl pyrophosphate synthetase is also photoregulated in this fungus (Harding and Turner 1981) . Enzymes later in the pathway (beyond phytoene synthetase) have not been assayed. In the yeast, Rhodotorula minuta, hydroxymethylglutarylCoA reductase is photoregulated, but the enzymes converting phytoene into coloured carotenoids are not photoinduced . Unlike Aspergillus, the non-photosynthetic bacterium Mycobacterium has a fully photoinducible PPPP synthetase, whilst geranylgeranyl pyrophosphate synthetase is increased severalfold by light (Gregonis and Rilling 1974; Johnson et al. 1974) . Preliminary results from our laboratory indicate that isopentenyl pyrophosphate isomerase, but not prenyl transferase, is increased by light (data not shown). Our observation that light increases squalene biosynthesis in vitro (Fig. 5A) indicates that other enzymes in the terpenoid pathway are also photoregulated. Based upon the experimental data currently available, it is not possible to propose a generalised scheme for the photoregulation of particular carotenogenic enzymes in non-photosynthetic organisms.
In contrast to fungi and bacteria, several algae produce acyclic carotenes in the dark, which are then cyclised on illumination. Interestingly, Scenedesmus PG1 contains inactive cyclases in darkgrown cells, and these are photomodulated upon illumination (Britton et al. 1971; Pawls and Britton 1977) . Post translational modification of carotenogenic enzymes is not the mechanism of photoregulation in Aspergillus, however, as inhibitors of transcription prevent fl-carotene biosynthesis (Table 3).
Although the appearance of enzymic activities for phytoene, lycopene and/?-carotene formation are simultaneous, 12 h after illumination (Figs. 6A, 7A, 8A), this does not prove that coordinate regulation of carotenogenesis occurs, nor is it possible to delineate the times required for photoreception, transcription and translation. Current studies in our laboratory on the isolation of the genes responsible for carotenoid synthesis should reveal more details of photoregulation at the molecular level.
